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A lanthanum chelate possessing an open-channel
framework with water nanotubes: properties and
desalination†
Mao-Long Chen, Yi-Chao Guo, Fang Yang, Jin-Xia Liang, Ze-Xing Cao* and
Zhao-Hui Zhou*
A new type of thermally stable chelate {La(H2O)4[La(1,3-pdta)(H2O)]3}n·12nH2O (1) [1,3-H4pdtav
CH2[CH2N(CH2CO2H)2]2] with an open-channel shows significant and unusual solvent transport pro-
perties and demonstrates a use for low-pressure desalination, which is constructed by cheap and available
lanthanum salt and 1,3-propanediaminetetraacetate. The chelate could be converted reversibly to its tri-
hydrate {La(H2O)4[La(1,3-pdta)(H2O)]3}n·3nH2O (1a), dehydrated product {La(H2O)4[La(1,3-pdta)-(H2O)]3}n
(1b) and ethanol adduct {La(H2O)4[La(1,3-pdta)(H2O)]3}n·3nH2O·3nEtOH (1c). The latter nano-confined
ethanol shows a remarkable downfield shift (Δδ = 6.0 ppm) for the methylene group in the solid 13C NMR
spectrum compared with that of the free EtOH. Crystal 1 with a regular hexagonal appearance can be
used directly for saline water desalination on a small-scale at an ambient temperature, demonstrating a
low energy consumption and environmentally friendly method. This is attributed to the 10.0 Å hydro-
phobic open-channel containing water nanotubes (WNTs, Φ = 4.2 Å). The nano-confined WNTs can be
removed at a low temperature (45 °C).
Introduction
Seawater desalination offers a convenient and inexhaustible
source of fresh water from the ocean. At present, reverse
osmosis (RO) is a membrane separation process which leads
to the desalination market for both seawater and brackish
water desalination.1 Other newly developed membrane pro-
cesses such as carbon nanotubes (CNTs) and nanostructured
materials for desalination are emerging to be a promising
option for the production of fresh water by desalination.2
However, several critical issues for CNTs still exist. It is gener-
ally difficult to synthesize CNTs with a well controlled dia-
meter and length,3 and the release of CNTs into the
environment is another major concern, where evidence for
toxic effects of these engineered particles has been observed
on model organisms.4 Despite major advancements in desali-
nation technologies, seawater desalination is still an energy
intensive technology. There are also concerns about the poten-
tial environmental impacts of large-scale seawater desalination
plants.5 Metal–organic framework (MOF) materials show state-
of-the-art applications in many fields such as gas adsorption
and separation,6 chemical sensors,7 catalysts,8 magnetic and
luminescent materials9 etc. But it will never be sufficient just
to find a ‘me-too’ application instead of looking for innovation
of the best existing one. MOFs used to desalinate saline water
are a novel application.




12 [H3BTB = 1,3,5-tris-(4-carboxyphenyl)benzene, H3BTC
= benzene-1,3,5-tricarboxylic acid, H2BDC = benzene-1,4-dicarb-
oxylic acid] in the most known porous MOFs,8a,9b,d,13 aminopo-
lycarboxylate-chelate ligands like H4edta {H4edta = [CH2N-
(CH2CO2H)2]2} and 1,3-H4pdta {1,3-H4pdta = CH2[CH2N-
(CH2CO2H)2]2} have not been report to the best of our
knowledge. Here, lanthanum 1,3-propanediaminetetraacetate
{La(H2O)4[La(1,3-pdta)(H2O)]3}n·12nH2O (1), its dehydrated
products {La(H2O)4[La(1,3-pdta)(H2O)]3}n·3nH2O (1a) and
{La(H2O)4[La(1,3-pdta)(H2O)]3}n (1b), and ethanol product
{La(H2O)4[La(1,3-pdta)(H2O)]3}n·3nH2O·3nEtOH (1c) with a
MOF structure have been prepared, which can be used to desa-
linate saline water directly.
†Electronic supplementary information (ESI) available: Theoretical calculations
for desalination (Scheme S1), perspective view, filled and packing diagrams
(Fig. S1–S6); the optimized hydrogen-bonded water network (Fig. S7); TG-DSC
curves (Fig. S8 and S9); coordination mode refer to NMR spectra and NMR data
(Fig. S10 and Table S4); fluorescence and IR spectra (Fig. S11 and S12); crystal
data, selected bond lengths and relative inner distances of methylene groups
(Tables S1–S3). CCDC numbers 969858–969861. For ESI and crystallographic
data in CIF or other electronic format see DOI: 10.1039/c3dt52837e
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Results and discussion
The crystal data and structural refinements of isomorphous 1,
1a, 1b and 1c are shown in Table S1.† Perspective views of 1 in
an asymmetric unit and the coordination mode of the 1,3-pdta
ligand are shown in Fig. S1.† In 1, 1,3-pdta utilizes its two
nitrogen and four oxygen atoms of the carboxy groups to
chelate one lanthanum ion (La1), and two of the carboxy
groups form two four-membered rings with the other lantha-
num ions La1 and La2: one carbonyl oxygen bridged to La2 is
further coordinated to another La1 ion. Twelve La1 ions and
six La2 ions form an eighteen-membered lanthanum ring as
shown in Fig. S2.† The ratio of La1 : La2 is 3 : 1; while La1 is
shared by two rings and La2 by three rings. The packing
diagram of 1 and filled diagram (clearly reveals well defined
open channels) of dehydrated product 1b are shown in Fig. 1
and S3,† respectively. The packing diagrams of 1a, 1b and 1c
are shown in Fig. S4–S6.†
Fig. 2 shows that WNTs (4.2 Å, 18n water molecules) exist
lodged in the open-channel (10.0 Å) which is similar to but
bigger than that in the former report.14 Theoretical calcu-
lations15 of the water networks in the open-channels are given
in Fig. S7.† The distances of the hydrogen bonds between the
oxygen atoms of the water molecules and the carboxy oxygen
of the surrounding 1,3-pdta are 2.629, 2.667 and 2.677 Å,
respectively, which demonstrate that the WNTs are stabilized
by the interactions of relatively strong hydrogen bonds. These
are consistent with the hydrogen bond between O5w and O4
(2.637 Å) as shown in Fig. 2c. The water tubes are removed
when 1 is heated at 50 °C or immersed in ethanol for one hour
giving its trihydrates 1a. The further removal of the guest water
molecules in 1a to 1b can be finished by heating 1a at 120 °C
for one hour, whereby all of the guest water molecules depart
from the open-channel, leaving large solvent accessible VOID
(S) in 1a and 1b (20.7% and 24.8% for 1a and 1b, calculated by
PLATON16). When immersed in ethanol for one week or for a
longer time period, we got 1c. The optimized configurations of
the ethanol molecules in the open channel are shown in
Fig. 3, and there are hydrogen bonds (2.771–3.063 Å) between
the hydroxyl group of ethanol and the carboxy group of the
surrounded 1,3-pdta, suggesting that these hydrogen bonds
are weaker than those between the water molecules and the
carboxy oxygen of 1,3-pdta. This is the first report of the edta-
like chelate possessing a large open-channel.
The desolvation process of 1 to 1a causes a 1.4% decrease
in the cell volume and a 2.8% decrease to 1b. This is consist-
ent with the decrease of the coordinated bond distances [La1–
Oβ-carboxy(av) which are 2.511(4), 2.504(5) and 2.495(3) Å for 1,
1a and 1b respectively] (Table S2†). The detailed distance (Å) of
Fig. 1 The packing diagram of {La(H2O)4[La(1,3-pdta)(H2O)]3}n·12nH2O
(1) with polyhedrons in 30% thermal ellipsoids which contain 18-mem-
bered lanthanum rings and 24 water molecules inside the open-
channel.
Fig. 2 A diagram of the water molecules in the open-channel of
complex {La(H2O)4[La(1,3-pdta)(H2O)]3}n·12nH2O (1) (Hydrogen atoms
were omitted for the clarity). (a) A side view of one WNT; (b) viewed
down the c direction of the WNT and the contact with the open-
channel and shows a 4.2 Å nanotube; (c) hydrogen bonds in the open-
channel. The oxygen atoms in red color are from the water nanotubes,
violet color represents the crystal water O4w outside the channel and
the green color shows the oxygen atom of 1,3-pdta.
Fig. 3 The optimized configuration (b) of the ethanol molecules
embedded in the fixed 1,3-pdta nanotube channel. The top view (b-1)
and the side view (b-2) of the optimized configurations of the ethanol
molecules in the nanotube channel are presented.
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relative methylene (Fig. 4) in the open-channel for 1, 1a, 1b
and 1c are shown in Table S3.† From the sequence of the
molecular numbers in the open-channels, the empirical
results maybe 1 > 1c > 1a > 1b, and the experimental results
are 1 > 1a > 1c > 1b. The reason why 1a > 1c in the experi-
mental results may come from the hydrophobic environment
of the open-channel, and the methyl and methylene groups of
ethanol in the open-channel will produce more interaction
force to stretch the methylene of 1,3-pdta to the center of the
channel.
The thermal stability and decomposition pattern obtained
by thermo-gravimetric analysis (see Fig. S8†) shows the first
weight loss of 1 occurring at around 45 °C that must corres-
pond to the easy exit of the partial guest water molecules in
the open-channel. This means that the WNTs are lodged in
the hydrophobic environment contributed by protruding
methylene groups of 1,3-pdta toward the channels (Fig. 4). The
removal of water from the WNTs at such a low temperature is
quite a surprising, since other metal–organic nanotubes and
related inorganic materials typically release structural water
between 80 and 200 °C, except for a recently report of
(C4H12N2)0.5[UO2(Hida)(H2ida)]·2H2O at 37 °C.
14 The remain-
ing guest water molecules were lost from 115 to 140 °C,
whence the weight (%) remains stable until around 342 °C.
The coordinated ligand decomposes from 340 to 490 °C. The
patterns of thermal stability and decomposition are consistent
with the single-crystal-to-single-crystal transformations. The
decomposition pattern of 1c (see Fig. S9†) is similar to that of
1, but the first weight loss is around 40 °C (see Fig. S8†), indi-
cating the evaporation of ethanol at a lower temperature than
that of ethanol at 78 °C. This is attributed to the nano-effect of
the ethanol in a confined environment just like the WNTs
evaporated at a low temperature.
The powder X-ray diffraction spectra of 1 (Fig. 5) demon-
strate a well maintained framework up to 200 °C. At 300 °C,
the XRD pattern reveals the collapse of the framework probably
owing to the loss of some coordination water molecules.
Although in the TG-DSC curves the corresponding loss of
weight occurs from 342 °C, the fact that the onset of coordi-
nation water molecule losses might have taken place at 300 °C
could induce the collapse of the framework. Fig. 6 shows the
Fig. 5 The XRD patterns of {La(H2O)4[La(1,3-pdta)(H2O)]3}n·12nH2O (1)
at different temperatures; the final product is hexagonal lanthanum
oxide.
Fig. 6 The solid 13C NMR spectra of solid {La(H2O)4[La(1,3-pdta)-
(H2O)]3}n·12nH2O (1) and {La(H2O)4[La(1,3-pdta)(H2O)]3}n·3nH2O·3nEtOH
(1c). The chemical shift (63.8 ppm) of methylene of the nano-confined
ethanol is very close to the shift of ethylene glycol.
Fig. 4 A diagram of the eighteen-membered lanthanum ring which
shows the central methylene groups in the 1,3-pdta ligand toward the
center of channel.
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13C NMR spectra of solid 1 and 1c. The data of chemical shifts
are listed in Table S4.† The three peaks at 184.5, 183.1 and
177.2 ppm for the carboxy groups of 1,3-pdta can be ascribed
to the three types of coordination modes of the carboxy groups
as shown in Fig. S10.† Comparing with the spectra between 1c
and 1, the chemical shift of a carboxy group shows an obvious
highfield shift from 177.2 to 175.9 ppm, supporting the inter-
action between the hydroxyl group of ethanol and the carboxy
group of 1,3-pdta. Moreover, two new peaks at 63.8 and
18.3 ppm can be ascribed to methylene and the methyl groups
of EtOH in the open-channel. The methylene group of EtOH
shows a big downfield shift (Δδ = 6.0 ppm) compared with the
solution ethanol in a different solvent. The chemical shift
(63.8 ppm) of methylene of the nano-confined ethanol is very
close to the shift of ethylene glycol, which can be attributed to
the nano-effects and the hydrophobic force between ethanol
and methylene of 1,3-pdta. The fluorescence and IR spectra
are shown in Fig. S11 and S12†). Under an excitation of
365 nm, 1 displays a strong emission band at 480 nm and a
weak emission band at 585 nm. The emission spectrum indi-
cates that 1 can emit visible light. The transition way is still
unclear, however it may come from the ligand field of 1,3-pdta.
From the infrared spectra, we can confirm the coordination of
the carboxy groups, but we cannot find an obvious difference
between 1, 1a, 1b and 1c. Even with deuterated ethanol and
water, no obvious difference was observed. These may come
from the 1,3-pdta ligand with too many methylene groups and
the very strong vibrations of the carboxy groups.
In contrast to the membrane separation with concentration
gradients,1,17 this porous MOF material could be exploited to
desalinate saline water in a direct operation. Firstly, it is perti-
nent to demonstrate by static experiments that only water
molecules can move into the MOF channel. This is shown in
Fig. 7, and the total dissolved solid (TDS i.e. salinity) of the
solution increases linearly with the amount of the MOF
material 1b. Secondly, using new hexagonal prism crystals
(Fig. 8a) and small Perspex partition (Fig. 8b), careful dynamic
desalination experiments were carried out with a micro flow
rate of 1.1 g water per h at 40 °C. We also determined the TDS
of the water that flows through the crystals. The TDS value
decreases from 527 mg L−1 to 0 mg L−1. These experiments
used seven crystals and the pressure was 0.12 Mpa.
The number (N) of open-channels in one crystal with
dimensions of 0.3 × 0.3 × 0.5 mm is 6.7 × 1010, and the value
of the flow velocity is very small with 0.24 m h−1. The calcu-
lation details are in the ESI.† As shown in Fig. 8c, the water
molecules may flow through the open-channels one by one
small bubble. The small flow velocity is ascribed to the low
pressure and the thickness of the crystals; such parameters
could be modified to increase the flow velocity.
The conversion of complex 1 to 1b at 120 °C indicates that
1 has a reasonably stable framework, and that 1a on immer-
sing in ethanol reflects the hydrophobic environment of the
open-channel. Thus, the water molecules lodged in the open
channels must have two types of water molecules according to
their state of affinity that could be readily seen in Fig. 2,
namely WNTs and the other water molecule (O4w) stabilized
through hydrogen bonds [for 1: 2.918 and 2.965 Å; for 1a:
2.854 and 2.954 Å]. Obviously, the WNTs and methylene
groups mediate the bulk water molecules to flow through the
open-channels while the salt ions, having 7.2 and 6.6 Å
respectively for the hydrated sizes of Na+ and Cl−,18 are
excluded to enter the open channel for two reasons. Firstly,
the hydrated shells have sizes close to the channel (10 Å), and
secondly they are repelled from the hydrophobic and neutral
environments of the channels.
Fig. 7 The static desalination results of dehydrated {La(H2O)4[La(1,3-
pdta)(H2O)]3}n (1b). It clearly shows that 1b can selectively adsorb water
molecules from the saline solution.
Fig. 8 The direct desalination of saline water at 40 °C. (a) The crystals
of {La(H2O)4[La(1,3-pdta)(H2O)]3}n·12nH2O (1); (b) the Perspex partition
(Φ = 8.0 mm, 2.00 mm thick) sculptured with seven small holes (Φ ∼
0.65 mm) for the desalination experiments; (c) the static desalination
results of dehydrated {La(H2O)4[La(1,3-pdta)(H2O)]3}n (1b); (c) the
scheme of the ideal desalination processes, which shows that the
bubble of WNTs will flow through the crystals.
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1,3-H4pdta (0.62 g, 2.02 mmol) was added into 15.0 mL water
and stirred for several minutes, then diluted NH3·H2O was
added into the solution and the pH value was adjusted to 9.0.
After this, LaCl3·7H2O (0.74 g, 1.99 mmol) was added. The
final pH value of the reaction mixture was adjusted to 7.5 by
diluted NH3·H2O and standing at 70 °C for 20 hours. Colorless
hexagonal prism crystals of 1 were isolated by filtration,
washed with hot water and dried in air. Yield: 0.51 g (57%).
Solid 13C NMR (Fig. 6 and S10,† 400 MHz, ppm): δC a-COO,
184.5; b-COO, 183.1; c-COO, 177.2; –CH2CO2, 65.9, 64.2, 61.3; –
CH2N, 58.9, 57.5; –CH2–, 22.3. IR (Fig. S12,† KBr, cm
−1): 3381s,
2955m, 1579vs, 1454s, 1414vs, 1330m, 1306m, 1269w, 1246w,
1157m, 1109m, 1064w, 1014w, 982w, 932m, 861w, 781m, 740m,
715m, 612m; elemental analysis (calcd, found for
C33H80La4N6O43): C (21.96, 22.14), H (4.47, 4.41), N (4.66,
4.73).
Desalination experiments
A standard solution of NaCl (5.00 mL, TDS = 527 mg L−1,
∼22.0 °C) was pipetted by a 5.00 mL pipette. This is the first
point of Fig. 7. Then 0.0864 g 1b was added into this solution
and the TDS value was measured again after 5 minutes as the
second point. The other points were measured similarly. New
regular hexagonal prism crystals of 1 with dimensions of
0.30 × 0.30 × 0.5 mm were clinging to the small Perspex par-
tition as shown in Fig. 8a and 8b. This small apparatus was
used to separate the saline water. When a little pressure is
applied to the saline water, the pure water will flow through
the crystals slowly.
X-ray intensity data
Compounds 1, 1a, 1b and 1c were measured at 173(2) K on an
Oxford CCD diffractometer with Mo Kα radiation (λ =
0.71073 Å). The initial model was obtained through direct
methods and the completion of the rest of the structure was
achieved by difference Fourier strategies. The structures were
refined by least squares on F2, with anisotropic displacement
parameters for non-H atoms. For 1c, the unit cell includes a
large region of the disordered solvent molecules of ethanol,
which could not be modeled as discrete atomic sites. We
employed PLATON/SQUEEZE to calculate the diffraction con-
tribution of the solvent molecules, to produce a set of solvent-
free diffraction intensities. The SQUEEZE calculations showed
a total solvent accessible area volume of 759 Å3 in 1c and the
residual electron density amounted to 154 e per unit cell,
corresponding to nearly 6 molecules of ethanol (about
1 ethanol molecule per asymmetric unit). All calculations to
solve and refine the structures were carried out with SHELXS
97 and SHELXL 97 programs.19
Physical measurements
All chemicals were of analytical or reagent-grade purity and
used as received. The pH value was measured by a potentio-
metric method with a PHB-8 digital pH meter. The TDS values
were measured by a 6212 digital TDS meter (Fig. S13†). The
infrared spectra were recorded as KBr disks and as mulls in
Nujol with a Nicolet 330 FT-IR spectrophotometer. Thermo-
gravimetric analyses were recorded on SDT-Q600 thermal ana-
lyzers, under an air flow of 100 mL min−1 and at a heating rate
of 3 °C min−1. Solid state 13C NMR spectra were recorded on a
Bruker AV 400 NMR spectrometer using cross polarization,
magic angle spinning (13 kHz) and adamantane as the refer-
ence. The powder X-ray diffraction (XRD) data were collected
using monochromated Cu Kα radiation on a Phillips X’Pert
diffractometer. Fluorescence was recorded on an F-7000 FL
Spectrophotometer.
Conclusions
In conclusion, thermally stable MOF materials possessing a
new coordination mode of the 1,3-pdta chelated ligand and
interesting WNTs in the open-channel were synthesized and
characterized. Single-crystal-to-single-crystal transformations
were established when it was immersed in ethanol or heating
at 50 and 120 °C, during which these MOFs kept a robust
framework. The MOF has been utilized to heighten the per-
formance of water desalination. The application of such
lanthanum MOFs in desalination shows a new method in this
field, and further researches are ongoing.
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